Erythropoiesis is marked by progressive changes in morphological, biochemical and mechanical properties of erythroid precursors to generate red blood cells (RBC). The earliest enucleated forms derived in this process, known as reticulocytes, are multi-lobular and spherical. As reticulocytes mature, they undergo a series of dynamic cytoskeletal re-arrangements and the expulsion of residual organelles, resulting in highly deformable biconcave RBCs (normocytes). To understand the significant, yet neglected proteome-wide changes associated with reticulocyte maturation, we undertook a quantitative proteomics approach. Immature reticulocytes (marked by the presence of surface transferrin receptor, CD71) and mature RBCs (devoid of CD71) were isolated from human cord blood using a magnetic separation procedure. After sub-fractionation into triton-extracted membrane proteins and luminal samples (isobaric tags for relative and absolute quantitation), quantitative mass spectrometry was conducted to identify more than 1800 proteins with good confidence and coverage. While most structural proteins (such as Spectrins, Ankyrin and Band 3) as well as surface glycoproteins were conserved, proteins associated with microtubule structures, such as Talin-1/2 and ß-Tubulin, were detected only in immature reticulocytes. Atomic force microscopy (AFM)-based imaging revealed an extended network of spectrin filaments in reticulocytes (with an average length of 48 nm), which shortened during reticulocyte maturation (average spectrin length of 41 nm in normocytes). The extended nature of cytoskeletal network may partly account for increased deformability and shape changes, as reticulocytes transform to normocytes.
reticulocytes mature into to the biconcave and highly deformable normocytes is poorly defined. A recent study by Malleret et al (2013) highlighted the need for further investigations into biochemical composition of maturing reticulocytes.
Reticulocyte maturation occurs through the loss of organelles via exocytosis, autophagy and re-arrangement of its cytoskeleton (Liu et al, 2010; Griffiths et al, 2012; Dzierzak & Philipsen, 2013) . Reticulocytes possess remnants of the translational machinery and other organalles, such as ribosomes, mitochondria, Golgi apparatus and lysosomes (Prenni et al, 2012; Bell et al, 2013) . A significant number of surface membrane proteins are also lost in this transition (Malleret et al, 2013) . Mature and immature forms of red cells are readily distinguishable microscopically due to visible morphological differences. However, the molecular mechanisms leading to their maturation remains largely unclear. Understanding protein dynamics during the final phases of erythropoiesis would shed light on pathological conditions whereby RBC maturation is impaired, for example reticulocytosis and related anaemia. Reticulocyte maturation also serves as an excellent model to understand vesicular trafficking, as it involves organelle extrusion and degradation. Most of the previous attempts on profiling the human RBC proteome focused on mature RBCs. These comparative proteomic analyses were carried out to study red cell ageing, which has implications in understanding RBC clearance by the body and ex-vivo storage (Rinalducci et al, 2015; Reisz et al, 2016) . In addition, there were a large number of studies to dissect the aetiology of various red cell disorders. These studies provided insights into haemoglobinopathies, such as sickle cell anaemia (Yuditskaya et al, 2009 ) and thalassaemia (Edwards et al, 2014) , to membrane disorders, such as hereditary spherocytosis and elliptocytosis (Demiralp et al, 2012) . Haemolytic anaemic disorders naturally contain a higher percentage of reticulocytes (3-18%) as compared to the circulating population in healthy individuals (0Á5-2Á5%), which is reflected in the proteomic analysis by these studies as well, and which find a number of proteins involved in protein synthesis, mitochondrial homeostasis and chaperone complexes that aid in the folding of actin and tubulin amongst other targets. There are a few studies that focus exclusively on reticulocytes based on rodent models, which is quite dissimilar to human blood cells. Although a recent proteomic study used human RBC blood cell populations (derived from in vitro cultures), this study, like many others, neglects the specific and synchronous differentiation between reticulocyte populations (Gautier et al, 2016) .
We purified immature reticulocytes positive for transferrin receptor (CD71) from human cord blood using a magnetic purification protocol and conducted quantitative proteomics in comparison to late-stage reticulocytes and normocytes (CD71 À ) (Malleret et al, 2015) . Cord blood contains higher amounts of reticulocytes, providing sufficient quantities of pure reticulocyte protein samples to perform quantitative proteomics. Magnetic-activated cell sorting (MACS) purified cells were sub-fractionated to luminal and triton-extracted membrane proteins prior to quantitative mass spectrometry. The proteomic analyses identified a collective total of 1800 proteins with good confidence [false discovery rate (FDR) < 1%, and minimum 2 peptides identified]. In this study we show the dynamics of red cell proteins between CD71 + and CD71 À RBCs and discuss how some of these key changes impact on the biological and bio-mechanical characteristics of reticulocyte maturation. Taken together, our work provides a valuable dataset linking bio-molecular and biomechanical characteristics along reticulocyte maturation.
Experimental procedures

Blood collection and ethics statement
Cord blood samples used for mass spectrometry were collected from normal term pregnancies who visited clinics under the Shoklo Malaria Research Unit (SMRU), Mae SotThailand as approved by the ethics committees of the Faculty of Tropical Medicine, Mahidol University, the Thai Ministry of Public Health, the Institute for the Development of Human Research Protection and the Oxford Tropical Research Ethics Committee (Ethical approval: OXTREC no. 17-11). For validation studies, umbilical cord blood was collected from normal term pregnancies at KK Women's and Children's Hospital where women gave written informed consent for its use for this research. The blood from each sample was collected in 6 ml heparin tubes. A total of 12 cord blood samples were used for various validation experiments. All samples were processed within 6 h of collection to yield reticulocytes and normocytes and frozen at À80°C.
Enrichment of reticulocytes by MACS purification
Selection of CD71 + reticulocytes from cord blood was performed using the MACS purification system (Miltenyi Biotec, Singapore) (Malleret et al, 2013 (Malleret et al, , 2015 . Aliquots (2 ml) of cord blood (from five independent donors) at 50% haematocrit in phosphate-buffered saline (PBS) were incubated with magnetic beads conjugated to CD71 antibody (Miltenyi Biotec) for 20 min at room temperature. After incubation, the blood sample was passed through a MACS LS column followed by three washes with PBS. Flow through (CD71 À ) and bound fractions (CD71 + ) were collected and purity was monitored by flow cytometry using Thiazole orange staining and/or sub-vital staining. Samples were verified for purity (>90%) prior to analysis by mass spectroscopy (MS).
Sample fractionation for proteomic analysis CD71 + and CD71 À red cells were sub-fractionated to tritonextracted membrane proteins and cytoplasmic contents with slight modifications to a previously established protocol (Millholland et al, 2011) . To do this, cells were washed thoroughly and lysed using 5 volumes of 0Á02% saponin in PBS containing protease inhibitors (PI) on ice for 10 min. Undisrupted cells, debris and magnetic beads were removed by sedimentation at 500 9 g for 10 min. The supernatant obtained was diluted in 20 volumes of ice-cold PBS and centrifuged at 170 000 9 g in Type 70Ti rotor, Optima TM L-100 XP (Ultracentrifuge, Beckman Coulter, Singapore) for 3 h to sediment the membrane components. The membrane pellet obtained was washed at least twice with cold PBS/PI until it was cleared of haemoglobin. The pellet was extracted using 1% Triton X-100/PBS and precipitated with ice-cold acetone overnight. Simultaneously, supernatant fractions containing luminal contents were concentrated using 5 kDa cut-off centrifugal filters (Amicon, Merck Millipore Division, Merck Pte. Ltd., Singapore). Protein concentration was estimated using a commercial BCA assay kit (Thermo Fisher Scientific, Singapore). 40 lg of the supernatant (containing cytosolic components) and 20 lg of the Triton-soluble fractions were resolved on 4-15% gradient Tris gel (Bio-Rad, Singapore) and stained using colloidal coomassie (G250; Sigma Aldrich, Singapore).
Sample preparation and isobaric tags for relative and absolute quantitation (iTRAQ) labelling for mass spectrometry
Cytoplasmic proteomic samples (200 lg each) were separated on 12% polyacrylamide gel by electrophoresis. In order to identify low abundant proteins in the samples, the extremely high abundant haemoglobin bands were discarded and the remaining non-haemoglobin gel slices were cut into small pieces. Further, gel pieces were de-stained with 25 mmol/l triethylammonium bicarbonate (TEAB) in 50% acetonitrile (ACN) and dehydrated with 100% ACN. Samples were reduced in 5 mmol/l Tris 2-carboxy-ethyl phosphine hydrochloride (TCEP) in 25 mmol/l TEAB at 60°C for 45 min and alkylated in 55 mmol/l iodoacetamide (IAA) in 25 mmol/l TEAB for 1 h at room temperature in the dark. Following reduction/alkylation, gel pieces were further dehydrated with 100% ACN and digested in 25 mmol/l TEAB containing 10 ng/ml sequencing grade modified trypsin (Promega, Madison, WT) at 37°C for 16 h.
A total of 180 lg of Triton-extracted membrane proteins from each sample were reduced directly in 5 mmol/l TCEP for 3 h at 30°C and then alkylated in the dark using 55 mmol/l IAA for 1 h at room temperature. Reduced and alkylated proteins were subjected to in-solution trypsin digestion at 37°C for 16 h. Prior to iTRAQ labelling (AB Sciex, Singapore), the tryptic peptides extracted from soluble and triton-extracted membrane samples were desalted using a Sep-Pak C18 cartridge (Waters, Milford, MA) 
HPRP-HPLC fractionation and mass spectrometry analysis
The labelled peptides were fractionated using an X Bridge C18 column (Waters; 4Á6 9 250 mm, 5-lm, 300 A) on a Prominence UFLC system (Shimadzu, Kyoto, Japan 
Data analysis
All the raw data were converted into mascot generic format (mgf) with de-isotoping MS/MS spectra by using Proteome Discoverer 1.4 software (Thermo Fisher Scientific) and a minimum ratio of 1Á5 was set as the signal to noise ratio (S/ N) threshold (for Only proteins identified with >2 peptides were shortlisted for further analysis (Dataset S1). Ingenuity (Ingenuity Systems, Qiagen Bioinformatics, Redwood City, CA, USA) and Cytoscape (ClueGo plugin) (http://www.cytoscape.org/) were used to annotate the proteins and perform a pathway analysis between the reticulocyte and normocyte fractions. Broadly, the genes were annotated in to three categories -(i) biological process, (ii) subcellular localization and (iii) molecular function. Their gene ontology under each of these categories was obtained by querying the UniProt accession numbers against the Gene Ontology (GO) database with Cytoscape plugin ClueGO. We defined up-regulated and down-regulated (as an indication of abundance and reduction in relative protein amounts, as the reticulocytes mature) at an arbitrary threshold for proteins showing at least a 2-fold difference between samples with a standard deviation of less than 20%. Ingenuity (Ingenuity Systems, Qiagen Bioinformatics) maintains a database that ascertains which proteins are enriched in a well-defined pathway compared to a background reference. It provides a corresponding P value, which reflects the statistical significance of the pathways ascertained.
Experimental design and rationale
The human cord blood samples used in this study to isolate red cell sub-populations were derived from five adults, minimizing intrinsic variability between individuals. For comparative analysis between young and immature erythroid cells, internal controls were included (proteins known to be consistent in level, e.g. a-globin, flotillin, stomatin between these cells). For all the changes identified and reported herein, robust analysis and validation using additional samples and complementary techniques were performed. Only proteins that fell within <1% FDR threshold were included for various analysis. In this work, we have opted for the best coverage of the proteome, with no specific focus on posttranslational modifications.
Western blotting and immunofluorescence microscopy
Mass spectrometry results were validated by Western immunoblotting and immunofluorescence confocal microscopy. For Western blotting, representative protein samples were resolved by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride membrane (Amersham, GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) using a semi-dry blot apparatus (Bio-Rad) and probed with appropriate primary antibody in 5% (w/v) non-fat dry milk in PBS overnight in the following dilutions: mouse monoclonal anti-Talin (1:2000; Abcam, Cambridge, UK), rabbit polyclonal anti-b-tubulin (1:1000; Abcam), rabbit polyclonal anti-a-adducin (1:2000; Abcam), mouse monoclonal antispectrin (1:5000; Abcam), mouse monoclonal anti-band 4Á1 (1:1000; Sigma Aldrich), rabbit polyclonal anti-actin (1:1000; Sigma Aldrich), mouse monoclonal anti-flotillin 1 (1:1000; BD Transduction Laboratories TM , BD Biosciences, Singapore), rabbit monoclonal anti-a-Fodrin (1:1000; Abcam), and mouse monoclonal anti-CD71 (1:1000; BD Biosciences). Next, appropriate horseradish peroxidase-conjugated secondary antibody (GE Healthcare Life Science) was incubated at 1:10 000 for 1 h at room temperature. The immunoblots were developed using an enhanced chemiluminescene detection kit (ECL, Amersham GE Healthcare Life Sciences).
For confocal microscopy, cells were attached to poly-Llysine-coated coverslips before fixing with 4% (v/v) formaldehyde and then permeabilized with 0Á03% (v/v) Triton X-100 in blocking buffer [3% bovine serum albumin (w/v) in PBS]. After blocking, cells were incubated with primary antibodies (anti-CD71, anti-b-Tubulin, anti-Talin-1 or anti-Band3) for 1 h followed by fluorescently labelled secondary antibodies. CellMaskTM Orange (Thermo Fisher Scientific) was used to visualize the cell membrane and Thiazole Orange was used as a marker for reticulocytes when staining the cord blood samples. Fluorescence confocal images were acquired by a Zeiss LSM 800 Airyscan Microscope (Carl Zeiss Inc., Thornwood, NY, USA) equipped with 405-, 488-, 561-and 640-nm excitation lasers using a PlanApochromat 63 9 /1Á4 Oil DIC M27 objective lens (Carl Zeiss) as described (Fazil et al, 2016) . Laser percentage and digital gain for each laser channel were kept identical for visualising various samples and the images were processed using Zen 2.1 lite imaging software (Carl Zeiss) keeping similar settings for each sample group.
Atomic force microscopy (AFM)
Cytoplasmic-surface-exposed samples used for cytoskeletal imaging were prepared as described previously (Shi et al, 2013; Sinha et al, 2015; Dearnley et al, 2016) . Imaging was performed with a Nanowizard II AFM instrument (JPK Instruments AG, Berlin, Germany) using super sharp silicon probes (SSS-NCHR probes, Nanosensor, Neuchatel, Switzerland) in intermittent air contact mode. Height images were captured at a resolution of 512 9 512 pixels for 1 lm 9 1 lm areas with 0Á5 Hz scan rate. NanoWizard image processing software (JPK Instruments AG) was used to generate images with sample height profiles. Images were smoothed using a low-pass filter based on Gaussian convolution kernel, resulting into topographical height images of sample surface. ImageJ (National Institutes of Health, Bethesda, MD, USA) was used for end-to-end spectrin length measurements. For improved accuracy, several hundreds of mesh loops were manually measured using the freehand tool in ImageJ. To quantify the cytoskeletal mesh size, we used Matlab (Release 2013b; MathWorks, Natick, MA, USA) and built skeletonized images from coordinate matrix (withdrawn from JPK data software) and evaluated the average mesh size of each skeletonized image as reported previously. One-way analysis of variance (ANOVA) was used to confirm significance.
Micropipette aspiration
A borosilicate glass micropipette was used to extract the RBC membrane shear modulus through the micropipette aspiration method (Sinha et al, 2015) . Pipettes were drawn from borosilicate glass tubing (Model P-2000; Sutter Instrument, Novato, CA, USA) and cut open (MF-900; Narishige, Tokyo, Japan) before mounting to the micromanipulator for measurements. The micropipette's inner diameter was maintained at approximately 2 AE 0Á5 lm for all measurements. A pressure drop rate of 1 Pa/s and a total pressure drop of 100 Pa were applied in order to aspirate and deform each cell during measurement. A sample size of at least 20 cells/ sample was taken for individual experiments. The cell membrane was monitored with an Olympus I 9 71 microscope (Olympus Singapore Pte Ltd, Singapore) and processed by QCapture TM Pro 6.0 (QImaging, Surrey, BC, Canada) as described in prior work (Sinha et al, 2015) . From the highresolution recordings, the leading edge of the aspired RBC membrane was tracked manually for calculating the elastic shear modulus using the Hochmuth model (Hochmuth, 2000) . Images were analysed and plotted using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). Twotailed t-test was performed to determine statistical significance (P < 0Á05).
Results
Isolation of reticulocyte sub-populations from human cord blood
Until recently, it was difficult to study the various stages of reticulocyte sub-populations, except for noting gross morphology and sub-vital staining patterns using the Heilmeyer stage classification. Attempts to separate the various reticulocyte stages using Percoll density gradients often resulted in low yield and purity (Pawar & Prabhu, 1991) . Using a more recent method optimized by Malleret et al (2013) , it is possible to select the immature reticulocytes (Heilmeyer class I through III) from the cord blood by MACS. In this method, magnetic beads coupled to CD71 antibody are used to selectively enrich cells that are positive for transferrin receptor (CD71 + ). Cells that are part of the flow-through include mature reticulocytes and normocytes, both of which lack CD71. A schematic representation of the procedure for reticulocyte enrichment and sample processing is illustrated in Fig 1. Upon collecting the samples by centrifugation, homogeneity of the cells purified was tested by Thiazole Orange staining and flow cytometry. Figure 2A shows In addition, we probed these samples using a different CD71 antibody via immunofluorescence microscopy ( Fig 2C) and Western blotting (Fig 2D) to confirm efficient separation of CD71 + reticulocytes from those negative for CD71. Overall, these results confirm the high degree of purity of the samples used for mass spectrometric experiments.
Sample preparation and mass spectrometry
To reduce sample complexity (thereby allowing detection of maximum number of proteins), we separated each sample into triton-extracted membrane proteins and cytoplasmic sub-fractions after lysing the cells using low concentrations of saponin (0Á02% in PBS) followed by separation by ultracentrifugation. This has been previously adopted for proteomic studies involving malaria parasite-infected RBCs (Chandramohanadas et al, 2009; Millholland et al, 2011) . Details of sample preparation and procedures are provided in the methods section. After fractionation, representative samples from Triton-extracted fraction and cytoplasmic fractions were resolved by 4-10% SDS-PAGE (Fig 2E) . Samples corresponding to the membrane proteome showed enrichment of components, such as spectrins (~250 kDa) and band 3 (90-100 kDa), at the expected molecular weight regions. Both cytoplasmic and Triton-extracted fractions derived from CD71 + reticulocytes appeared more complex in overall protein profile, compared to corresponding material from CD71 À erythrocytes. In the soluble fraction, multiple high molecular weight proteins were present, which most likely represented proteins from Golgi apparatus or Endoplasmic Reticulum (ER). High apparent molecular weight proteins may also indicate ubiquitinated proteins destined for targeted destruction. Almost 90% of the proteome for both samples was composed of haemoglobin, which appeared as a thick band in the 10-14 kDa region of the SDS-PAGE gel (Figure S1 ). The haemoglobin signal from the triton-extracted membrane proteins fraction was very low, indicating high membrane sample purity and robust fractionation method. After ensuring sample purity, representative samples (~180 lg in total) were used for MS analysis as described in the methods section. The iTRAQ LC-MS/MS raw data, mgf files and the Mascot search results are deposited in the Proteome Xchange Consortium via the PRIDE partner repository with the identifier PXD003851 (Dataset S2) (Vizcaino et al, 2014) .
Protein annotation and data curation
From the mass spectrometric analyses, a total of 1853 proteins were identified with a FDR of <1% (Dataset S2) and at least two unique peptides per protein (Dataset S1). P-value was calculated using Student's t-test and volcano plot was plotted to determine the cut-off level of the data set. We found a total of 1853 proteins were enriched with statistical significance (P < 0Á05) and these were used for the further analysis ( Figure S2 ). A noteworthy observation was that in a lysate where haemoglobin alone constitutes approximately 90% of the total proteins, the residual 10% of the proteome was made of an astonishing collection of gene products. However, the extent to which these molecules are biologically active or simply remnants from their erythroblast precursors is arguable. It should be highlighted that, despite the extensive purification protocols and stringent identification criteria, the nature of the study is bound to include some false positives or contaminating proteins incorrectly associated with the RBC proteome. However, blood group antigens, such as Kell (P23276), which are present in relatively low abundance, were identified in all of the fractions, denoting specificity of the sample preparation. In addition, hallmarks of standard contamination, such as CD45 (P08575), which is a leucocyte surface antigen, and GlycoproteinIIb/IIIa (P08514/P05106), an integrin complex present on platelets, were not identified in our dataset, further confirming high sample purity.
Analysis of membrane and soluble proteome define relative abundance. Most of them are pertinent while considering the processes whereby the reticulocyte matures into a normocyte. Components of the eukaryotic initiation factor (EIF2) signalling pathway and its corresponding regulation are enriched in the reticulocyte. This represents primarily the translational machinery, which still may be active in immature reticulocytes. It also corresponds well with the gene ontology data, indicating that majority of the proteins are ribosomal-associated. Interestingly, proteins associated with the ubiquitination pathway were abundant in CD71 + reticulocytes, reflecting a mechanism of organelle degradation during reticulocyte maturation. It has already been shown that b-tubulin, aquaporin 1 (AQP1) and AP-2 utilize the proteosomal machinery to expunge themselves from the reticulocyte (Geminard et al, 2004; Blanc & Vidal, 2010) . The oxidative phosphorylation pathway could be indicative of the passive signalling cascades which go on to phosphorylate cytoskeletal proteins and thus induce a conformational and/or morphological and biomechanical change in the reticulocyte as they develop. Furthermore, this reflects the progressive change in dependence on oxidative phosphorylation (in red cell precursors) to solely glycolysis in mature RBCs, to generate ATP for cellular needs. The phosphorylation status of band 3 affects the interaction between the membrane and cytoskeleton of the RBC. Recent literature provides a strong link between a change in phosphoproteome of the cytoskeleton and integral membrane as the most likely cause of change in deformability (Manno et al, 2005; Glodek et al, 2010; Ferru et al, 2011; Koshino et al, 2012) . To determine protein dynamics and patterns from the dataset, identified hits annotated to a particular term in the human GO slim (http://geneontology.org) ontology were used to construct various graphical representations shown in (906) enriched in the tritonextracted membrane proteins fraction of reticulocytes reflects that they belong to organellar membranes comprising of the translational and metabolic machinery -the ribosomes and mitochondria respectively (Fig 3B, C) .
The gene ontology of the cytoplasmic proteome, where 213 proteins were enriched, was the most complex of them all. This fraction contained diverse groups of proteins belonging to various cellular processes (Fig 4A) and sub-cellular locations ( Fig 4B) ; indicative of a typical cell because all the remnant enzymes and machinery still exists in early reticulocytes. The cellular localization ontology pattern confirms that our fractionation was good because the proteins that showed up in this sample set were almost all cytosolic. A total of 169 proteins were reduced in the reticulocyte over the normocyte as part of this dataset (Fig 5A, B) . Of note, some of these proteins do not belong to cytosol despite the identification, yet detected due to their relative abundance in the red cell. This is why their relative abundance and contribution to the entire gene ontology provides for some errors whereby most proteins belong to the polymerised actin and endosomal compartments.
Cytoskeletal modifications during reticulocyte maturation
Analysis of our dataset revealed that the majority of surface exposed proteins remained similar between the two red cell stages, including glycophorins, complement receptor 1 and band 3 anion exchange protein (Fig 6A) . Similarly, wellknown membrane structural components, including cytoskeletal proteins, were identified and annotated from the MS data (Fig 6B) . A closer look, based on fold-change, confirmed relatively similar abundance for most of the major membrane and cytoskeletal components. Spectrins, ankyrin, band 3, band 4Á1 and band 4Á2, etc. were slightly higher in the fraction derived from CD71 À cells, in agreement with previous literature (Griffiths et al, 2012) . However, this could be attributed to reduced protein complexity and diversity in mature red cells compared to reticulocytes. Of special note, we noticed remarkable abundance of b-tubulin ( Figure S3 ) and talin-1/2 proteins ( Figure S4 ) in CD71 + cells and their loss upon maturation (Fig 6B) . These proteins are normally associated with microtubule structures and render adhesive and mechanical properties to eukaryotic cells (Liu et al, 2010; Konstantinidis et al, 2012; Horton et al, 2015) . Using Western immunoblotting (Fig 6C) , we were able to validate the loss of talin-1/2 and b-tubulin in mature red cells. To visualize the localization of both of these proteins, super-resolution immunofluorescence microscopy was carried out with anti-band 3 as a control for microscopy, which stained all cells from both CD71 + and CD71 À populations ( Figure S5 ). We detected strong fluorescence signals for both b-tubulin and talin-1 in CD71 + cells, which were absent in CD71 À normocytes (Fig 7A, B) . Notably, these proteins appeared neither assembled as a network of microtubules nor physically linked to the cell membrane, but as discrete punctate spots within the cytoplasm. This observation was confirmed by the presence of tubulin and talin (some of which could have been derived from orgalellar membranes still present in immature reticulocytes) in the luminal subfraction of reticulocytes, as observed through MS and Western blotting ( Figure S6 ). Next, we investigated how ex vivo maturation of CD71 + reticulocytes impacts morphological and membrane biomechanical properties. To do this, reticulocytes enriched from cord blood by MACS purification were allowed to mature at 37°C for 40 h. Cells were collected fresh (T0), and after 20 h (T20) and 40 h (T40) for morphological and biomechanical property measurements. Clearly, the multilobular and stiff reticulocytes that were freshly isolated from cord blood (with an average membrane shear modulus of 18Á9 pN/lm) were transformed to more deformable red cells (membrane shear modulus of 6Á6 pN/lm) over 40 h (Fig 8A) , through expulsion of reticular matter. We also detected talin-1/2 and b-tubulin in supernatants collected from ex vivo maturation assays, while CD71 À cells remained the same (~5Á4 pN/lm) throughout the period of incubation. However, loss of talin-1/2 and b-tubulin is unlikely to explain changes in the biomechanical properties, as they were not part of the membrane/cytoskeleton in the first place, as observed from confocal microscopy. Quantitative proteomics data showed no significant differences in the overall abundance of major structural proteins (e.g. spectrins and ankyrin) that form the core red cell structure. Therefore, we evaluated potential differences in the nano-structural arrangement of spectrin-based cytoskeleton, in an attempt to corroborate observed membrane property changes. For this, we employed AFM analysis on cytoplasmic surface-exposed reticulocytes and normocytes. Samples on functionalised coverslips were subjected to shear-washing, followed by AFM imaging (Shi et al, 2013; Sinha et al, 2015; Dearnley et al, 2016) . Skeletonized images (Fig 8B) were generated and used to estimate spectrin length for each cell type. A total of 743 measurements were conducted for end-to-end spectrin cross-members length. We observed that the spectrin length for the reticulocyte sample was 48 AE 14Á65 nm. Significant contraction in the spectrin network was observed in mature RBCs (Fig 8C) with average spectrin length reduced to 41 AE 9Á58 nm, with little difference in terms of individual mesh size between two populations. The above-mentioned contractions in skeletal networks could contribute to unique mechanical characteristics of reticulocytes, which require further mechanistic investigations beyond the scope of this study.
Discussion
Mammalian erythrocytes have been subjects for extensive research, due to their functional relevance and associated
T. T. T. Chu et al
disease states, such as sickle cell anaemia, thalassaemia and malaria. However, very little is known about protein diversity and dynamics in young reticulocytes as they undergo maturation. Prior studies in this direction mostly used mouse blood for proteomic studies, which is quite dissimilar in protein composition compared to human RBCs (Pasini et al, 2008) . A study that focused on reticulocytes used blood drawn directly from phenylhydrazine-administered mice, with reticulocyte counts not greater than 50% (Prenni et al, 2012) . On the other hand, Bell et al (2013) leveraged on in vitro cultured human HSCs, but focussed on early erythropoiesis while the erythroblasts develop into reticulocytes by nuclear extrusion. Combining Multiplex Tandem Mass Tag labelling with nanoLC-MS/MS, Wilson et al (2016) recently documented nearly 1600 proteins, while comparing adult and cord RBCs and reticulocytes. This study by far is the most comprehensive in the context of red cell maturation. However, these analyses used ex vivo maturation of CD34 + cells to derive reticulocytes, which results in non-synchronous population of reticulocytes, normoblasts and erythroblasts. We used umbilical cord blood from normal term pregnancies (which contains higher percentage of immature 
CD71
+ reticulocytes than peripheral blood) as the source for immature reticulocytes and normocytes. This allowed us to derive sufficient amounts of pure and synchronous cell populations for MS after sub-fractionation steps, during which sample loss was expected. Prior work that employed a transcriptomics approach compared reticulocytes derived from cord blood and peripheral blood (Goh et al, 2007) . This work documented apparent differences between the two populations. However, such differences could arise from the higher percentage of immature reticulocytes in cord blood samples compared to peripheral blood. Such a discrepancy could be ruled out from our analysis because we solely looked at the proteomic profile of purified immature reticulocytes alone, rather than a mixed population of reticulocytes. Furthermore, we believe this dataset would help better understand pathologies related to reticulocytes, such as infection by Plasmodium vivax, a parasite that shows exclusive tropism towards CD71 + reticulocytes. It has to be noted that most of the experiments involving P. vivax utilizes cord blood-derived reticulocytes due to higher reticulocyte density. Therefore, future work to identify host determinants for P. vivax infection of reticulocytes could be built on our proteomics dataset, which focussed on cord blood reticulocytes. Our MS analyses of reticulocytes identified more than 1800 proteins with good coverage and confidence, under robust conditions of stringency (<1% FDR, at least two unique peptides). Pre-fractionation of samples into Tritonextracted membrane and cytoplasmic components allowed us to quantitatively look at remodelling events while the reticulocytes transition into normocytes. Our analyses revealed that cytoplasmic fraction of the immature reticulocytes, more or less, resembled a typical metabolically and translationally active mammalian cell, with proteins that belong to ribosomes, ER and Golgi apparatus. Vesicular components Alix (PDC6I), IST1 homolog (IST1), Vacuolar protein sortingassociated protein (VPS4A), Tumor susceptibility gene 101 protein (Q99816) and charged multi-vesicular body protein 4b (Q9H444), which are involved in expelling organelles out during the maturation process, are abundant in reticulocytes. The major histocompatibility complex Class I molecules (GO: 0002479) -beta-2-microglobulin (H0YLF3), HLA-B (B0UX83) and HLA-A (P16188, P01892, P05534), showed a reduction in normocytes, confirming a previous similar observation in mice (Carayon et al, 2011) . This would explain part of the transferrin-recycling scheme. There is evidence to support AP-2 involvement in the clathrin-mediated endocytosis of transferrin (Geminard et al, 2004) . In addition, Dynamin-2 and Cortactin, both of which were also enriched in substantiate literature, which shows their activation as the commencement of endocytosis (Cao et al, 2005 ). An established model for cargo trafficking involves the conversion of early endosomes marked by RAB5 to late endosomes that contains RAB7. In addition, b-tubulin is the main constituent of microtubules in cells and is involved in trafficking endosomes (Blanc & Vidal, 2010) . Our data corroborates that these proteins are progressively lost upon reticulocyte maturation.
While Wilson et al (2016) suggested an increase in the relative abundance of Ankyrin, Band-3 and 4Á1R junctional complex, our mass spectrometry results are in agreement with Liu et al (2010) , indicating little or no difference in these cytoskeleton proteins. Our results also agree with Liu et al (2010) regarding the expression of peripheral membrane proteins, such as Glycophorin A and Glycophorin C, as they do not undergo changes during reticulocyte maturation. The spectrin-based network tethering other cytoskeletal proteins, such as ankyrin, protein 4Á1 and actin, to the predominantly viscous lipid bilayer is a critical contributor of red cell integrity and deformability dynamics (Peng et al, 2013) . Progressive alteration to the spectrin-based network due to a number of factors, including infection by malaria parasites, has been shown to cause changes in RBC deformability properties (Shi et al, 2013; Dearnley et al, 2016) . We did not observe any significant differences in the abundance of spectrin or other accessory proteins linked to spectrin that collectively derive the cellular architecture. Despite the remarkable morphological and bio-mechanical differences between CD71 + and CD71 À red cells, all these proteins remained unchanged.
Microtubule networks are part of the cytoskeletal organization in a typical cell and play important roles in cellular processes, such as arrangement and compartmentalization of organelles providing structural integrity, facilitating intracellular transport and more (Rochlin et al, 1999; Konstantinidis et al, 2012) . Our proteomic data revealed that two proteins: b-tubulin and talin, usually associated with microtubule structures, are present in high amounts in reticulocytes. While Konstantinidis et al (2012) illustrated the requirement for tubulin polymerization for enucleation in erythroblasts, there is no other precedence towards depicting a biological role for tubulins in reticulocytes. Similarly, talin-1/2 in RBCs are known to be associated with actin filament assembly during adhesion (Ye et al, 2014) . In our microscopic validation experiments, both these proteins, however, were found distributed in the cytosol with no apparent physical contacts with the membrane proper. While it is likely that the tubulin and talin present in reticulocytes are mere remnants (that remained from the precursor stage) with no apparent function, due to the versatile nature of cytoskeletal proteins in eukaryotic cells, plausible undiscovered roles in reticulocytes cannot be fully ruled out.
In blood cell disorders, such as spherocytosis, thalassaemia or sickle cell anaemia, reduction in the surface area:volume occurs resulting in less deformable phenotypes (Hanspal et al, 1991; Diez-Silva et al, 2010) . The spectrin-based network beneath the cell membrane contributes largely to the shear elastic properties of the RBC. Prior work has shown that reduction in the length of spectrin monomers within the spectrin network can lead to increased deformability and filterability of the cell (Sinha et al, 2015; Dearnley et al, 2016) . Therefore, we chose to image the nano-strauctural arrangement of spectrin-based skeleton in CD71 + and CD71 À cell populations. We hypothesized that, due to the larger surface area of the reticulocytes, expansion of cytoskeletal structures beneath the lipid bi-layer might occur. In agreement with the anticipated results, we observed significant shrinkage in the spectrin filaments in normocytes compared to immature reticulocytes. This could partly explain the biophysical changes observed during the reticulocyte maturation process, leading to alterations in deformability and morphology. However, further research, combining experimental and computational modelling, is needed to validate these findings. Taken together, our data provides a detailed proteomic and biomechanical profile of the differences that exist between reticulocytes and normocytes. While linking up the + reticulocytes were allowed to mature ex vivo, and membrane biomechanical properties were measured using micropipette aspiration method at various stages of maturation. Freshly isolated CD71 + reticulocytes were rigid (with an average shear modulus 18Á9 pN/lm) and lobular, while they became highly deformable upon maturation over 40 h (average shear modulus 6Á4 pN/lm. (B) Atomic force microscopy (AFM) imaging of cytosolic side-exposed cells revealed significant nano-structural differences between immature reticulocytes and normocytes, (C) shrinkage of spectrin filaments during reticulocyte maturation was estimated from skeletonized images obtained through AFM (Scale bar: 100 nm). While the average length of spectrin filament was 48 nm in CD71 + reticulocytes, it was reduced to 41 nm in CD71 À cells [value of CD71 À cells is in agreement with prior reports (Dearnley et al, 2016) ]. [Colour figure can be viewed at wileyonlinelibrary.com]
Proteomics of Human Cord Blood-derived Reticulocytes ª 2017 John Wiley & Sons Ltd differences in proteome composition to bio-physical property changes as well as identifying host components relevent to blood infections, such as preferential invasion of reticulocytes by human malaria parasites (Mons, 1990; Clark et al, 2014) , require further targeted investigations, our data form an avenue to explore and formulate a starting hypothesis towards this.
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